Featured Application: The model enables a detailed investigation of phonation with regard to the conditions at phonation onset. Thereby, the goal is to identify advantageous ranges of material parameters that support an efficient vocal fold oscillation as the phonation source.
Introduction
Phonation begins with a flow of air from the lungs that transfers energy to the motion of the vocal folds. After this airflow leaves the larynx, it encounters a mass of air in the vocal tract with inertial properties. By examining a vocal tract of uniform cross-sectional area A VT and length L VT , one can use Newton's second law to derive the following formula for the pressure required to accelerate the air within the vocal tract:
where the quantity dU g /dt is the time derivative of the glottal flow rate U g , and I VT is the inertance of the air in the vocal tract. The inertance of the air is given by I VT = ρ L VT / A VT , where ρ is the density of air. Ishizaka and Flanagan [1] used this formula in their classic paper that developed the two-mass model of the vocal folds. Titze [2] also used this formula in his paper dealing with small amplitude oscillations of the vocal folds. He introduced the surface wave model (SWM) and showed how a wave traveling along the medial surfaces of the vocal folds could account for their sustained oscillations, provided that the subglottal pressure was above a threshold P th . Titze also gave qualitative arguments that the pressures in the vocal tract should reinforce the effect of the pressures acting on the medial surfaces of the vocal folds, and thus enhance the action of these pressures. A consequence of this is that one would expect the inertial effects of the vocal tract to lower the pressure required for the phonation threshold. In order to examine the predictions of the SWM, Titze et al. [3] [4] [5] did a number of experiments. Of the most relevance to this work was the 2006 paper where Chan and Titze [5] examined the dependence of the threshold pressure on the prephonatory glottal half-width with and without a vocal tract. This comparison allows rigorous scrutiny of the effects of Equation (1), since it introduces no new free parameters. Fulcher and Scherer [6] showed that a calculation based on the SWM and using Equation (1) to account for the effects of the vocal tract gave a reasonable explanation of the threshold data that Chan and Titze collected. It is shown below in Section 2.1 that this fit can be improved by choosing a larger value for the surface wave velocity.
One of the earlier uses of Equation (1) was the self-oscillating model of Flanagan and Landgraf [7] . Their purpose was to develop a source for a vocal-tract synthesizer, and their paper was primarily concerned with the qualitative features of the glottal area oscillations and glottal flow rates that resulted from using a multi-section vocal tract to describe the shapes appropriate for various vowels. However, they did not quantitatively examine the implications of Equation (1) for the influence of the geometry of the vocal tract on the properties near the phonation threshold. Equation (1) has also been part of numerous calculations addressing the properties of phonation, for example in [8] [9] [10] [11] [12] , but the focus of these works was not a detailed examination of its validity for representing the inertial properties of the air in the vocal tract.
Zhang, Neubauer, and Berry [13] examined the influence of subglottal acoustics on the dynamics of a single-layer vocal fold model. The dimensions of their pseudotrachea varied from 17 cm to 325 cm. Due to the stiffness of their vocal fold model (Young's modulus of 11 kPa), they were not able to see aerodynamic oscillations of the vocal folds for pseudotrachea lengths below 30 cm, which includes the region of interest for human phonation. Their measurements focused on the frequencies that are appropriate for the coupling of acoustic resonances with vocal fold oscillations, and thus Equation (1) was not involved in their analysis. Instead, they relied on the model developed by Gupta, Wilson, and Beavers [14] . Subsequent work by Zhang, Neubauer, and Berry [15] showed that decreasing the stiffness of the vocal folds (Young's modulus in the range of 3 to 8 kPa) would lead to oscillations that were driven by aerodynamic forces. In that work, their focus was on the variation of phonation frequency and threshold pressure with Young's modulus, and they did not use Equation (1) to analyze their data. Lucero et al. [16] examined the effects of the vocal tract on the phonation threshold pressures and frequencies at threshold using a vocal fold replica where the oscillating mass was a volume of water enclosed by a latex cover. Their main concern was the effect of vocal tract resonances using a wave propagation model, and thus Equation (1) was not part of their analysis.
It is the purpose of the present work to examine carefully the implications of Equation (1) for the influence of the geometry of the vocal tract on threshold pressure and the oscillation frequency near the threshold [17, 18] . The formula for the inertance above indicates that it depends directly on the length of the vocal tract and inversely on its cross-sectional area. Thus, increasing the length of the vocal tract should enhance the effects of the vocal tract. Since the pressure in the vocal tract reinforces the action of the pressure within the glottis, one would expect an increase in the vocal tract length to lower the threshold pressure. This question is studied below in Section 3. Conversely, one would expect an increase in the area of the vocal tract to reduce its influence. Reduced influence on the vocal tract pressure values should reduce the effectiveness of the vocal tract in reinforcing the intraglottal pressure. Thus, one would expect that increasing the area of the vocal tract would increase the threshold pressure. This question is also examined in Section 3.
The successes of the vocal fold model described in Section 3 suggest that it could provide a useful foundation for constructing more elaborate models, in order to address important additional aspects of phonation. In particular, it could be used as the main working element of calculations to consider the effects of vocal fold semi-occlusion [19, 20] . Such calculations and measurements with human subjects have been undertaken in order to better understand the rationale for the widespread use of straws in voice training and therapy. Another potentially important extension would be an attempt to include the effects of the false vocal folds [21] . These structures may play a significant role in the efficiency of the energy transfer from the glottal airflow to the kinetic energy of the true vocal folds. Such calculations would improve the relevance of lumped element vocal fold models for phonation in humans [22] .
Models and Methods

Surface Wave Model and the Vocal Tract
Fulcher and Scherer [6] show that the subglottal pressure P sub is responsible for accelerating the air in the vocal tract as well as moving the air through the glottal duct created by the medial surfaces bounding the glottis, which is shown schematically in Figure 1 . Thus, the subglottal pressure is related to the flow rate, its time derivative, and the glottal areas at the entrance A 1 (t) and at the exit A 2 (t) by the equation:
where k ent is the entrance loss coefficient and k ex is the exit coefficient [23, 24] . The dynamics of the vocal fold coordinate ξ in the SWM is described by an equation of motion [2, 6] whose driving term includes a factor P g , which is the average of the pressure P(z) over the medial surface of the vocal fold, that is:
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Models and Methods
Surface Wave Model and the Vocal Tract
Fulcher and Scherer [6] show that the subglottal pressure Psub is responsible for accelerating the air in the vocal tract as well as moving the air through the glottal duct created by the medial surfaces bounding the glottis, which is shown schematically in Figure 1 . Thus, the subglottal pressure is related to the flow rate, its time derivative, and the glottal areas at the entrance A1(t) and at the exit A2(t) by the equation:
where kent is the entrance loss coefficient and kex is the exit coefficient [23, 24] . The dynamics of the vocal fold coordinate ξ in the SWM is described by an equation of motion [2, 6] whose driving term includes a factor Pg, which is the average of the pressure P(z) over the medial surface of the vocal fold, that is: In Equation (3), m is the mass of the vocal fold, k is the spring constant representing its stiffness, and η allows for a possible nonlinearity in the stiffness. The quantity L g there denotes the glottal length (anterior-posterior direction), and T denotes the glottal thickness (inferior-superior direction). The dots in Equation (3) denote time derivatives.
The pressure in the integrand of Equation (3) involves the area A(z,t). This may be expressed in terms of the vocal fold surface coordinate ξ Surf (z,t) by the equation, A(z,t) = 2 L g [ξ 0 (z) + ξ Surf (z,t)], where ξ 0 (z) is the prephonatory shape of the glottal surface. Since the surface coordinate satisfies a wave equation, the combination of variables z and t takes a simpler form, that is, ξ Surf (z,t) = ξ Surf (t − z/c), where c is the velocity of the surface wave. Fundamental to the SWM is the expansion of ξ Surf (z,t) as a power series in z. This requires the assumption that the phase difference between the glottal entrance and the glottal exit is not too large.
If only the first-order correction is needed, then ξ Sur f (z, t) = ξ(t) − z . ξ(t) c + . . . , where ξ(t) is the coordinate of the center of the vocal fold, which is the same as the coordinate of Equation (3) . Following Titze's assumption of a trapezoidal prephonatory shape and that the phase difference of the top and bottom edges of the vocal fold is not too large, the integral in Equation (3) can be done analytically. This yields:
Since z = −T/2 for the glottal entrance and z = T/2 for the glottal exit, the areas in Equation (4) may be written as:
where τ = T/(2c) is the time for the surface wave to propagate from the center of the medial surface to the glottal exit. If no vocal tract is involved, then one can eliminate the factor of U g 2 in Equation (4) by using Equation (2) . Then Equation (4) takes the form:
Measurements show that for most of the glottal diameters, the entrance coefficients are much larger than the exit coefficients [23, 24] . Neglecting k ex in Equation (6), specializing to the rectangular case where ξ 01 = ξ 02 = ξ 0 , and carrying out an expansion in inverse powers of ξ 0 there allows Equation (6) to be simplified to the following form:
provided that only the lowest-order terms in (ξ 0 ) −1 are kept. Thus, the driving force on the right-hand side of Equation (3) simplifies to a term that has the effect of a negative damping term. Equating the coefficient of this term to that of the damping term on the left-hand side of Equation (3) yields:
which is essentially Titze's equation for the threshold pressure [2] , since the transglottal coefficient k t = k ent , when k ex is neglected. Equation (8) requires careful interpretation. If the entrance loss coefficient k ent is assumed to be near one (k ent = 1.37 was a typical value for much of the earlier work), then Equation (8) predicts that the threshold pressure becomes very small in the limit of small glottal half-widths. However, none of the data collected in the experiments that Titze et al. did to test the predictions of the SWM showed this behavior [3, 5] . Fulcher and Scherer [6] showed that the key to resolving this discrepancy was a careful analysis of the behavior of the entrance loss coefficient at small glottal widths, since this coefficient could become very large in this limit, where viscous effects become large. In fact, they showed that the behavior of the entrance loss coefficient in the limit of small glottal widths was consistent with an inverse relationship, that is:
In Figure 2 , calculations based on the analytic expressions presented in Equations (8) and (9) are compared with measurements done by Chan and Titze [5] , when no vocal tract was present in their experiments. As emphasized earlier [6], the properties of Equations (8) and (9) allow one to account for the observed slope of the line expressing the threshold pressure as a function of the glottal half-width as well as its intercept at zero half-width. For this fit to the data, the parameters B = 112 g/s, c = 400 cm/s, E = 0.072 cm, and F = 0.600 are required. The geometrical parameters, L g = 2.22 cm and T = 1.1 cm, are determined from the dimensions of the vocal fold model used in the experiments.
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In Figure 2 , calculations based on the analytic expressions presented in Equations (8) and (9) are compared with measurements done by Chan and Titze [5] , when no vocal tract was present in their experiments. As emphasized earlier [6], the properties of Equations (8) and (9) allow one to account for the observed slope of the line expressing the threshold pressure as a function of the glottal halfwidth as well as its intercept at zero half-width. For this fit to the data, the parameters B = 112 g/s, c = 400 cm/s, E = 0.072 cm, and F = 0.600 are required. The geometrical parameters, Lg = 2.22 cm and T = 1.1 cm, are determined from the dimensions of the vocal fold model used in the experiments.
When the vocal tract is added, a numerical solution is required, since the time derivative in Equation (2) prevents obtaining an analytic connection between the glottal flow rate and the subglottal pressure. The numerical solution involves the simultaneous solution of Equations (2)- (5). The inertance term of Equation (2) does not introduce additional free parameters, since the vocal tract length and its area are determined from the experiment. For Chan and Titze's experiment, LVT = 16.51 cm and AVT = 2.82 cm 2 . The results of the numerical solution are shown in Figure 2 , where they are compared with Chan and Titze's vocal tract measurements. The fits to the data collected with the vocal tract as well as those collected without the vocal tract are very good. The largest differences (about 13%) occur at a glottal width of 0.10 cm, and most of the differences are substantially smaller. The numerical solution of Equations (2), (3), (5) , and (6) requires values for the mass and stiffness parameters. Following the lead of Ishizaka and Flanagan [1, [25] [26] [27] , these were chosen to be k = 88,000 g/s 2 and m = 0.15 g. In order to make the calculation as simple as possible, the nonlinearity parameter was set equal to zero. It is worth noting that the use of Equations (2) and (4) for the vocal tract calculation eliminates the necessity for the inverse ξ0 expansion, and thus removes the small amplitude requirement. However, the requirement of a reasonably small phase difference between the inferior and the superior edges of the medial surface remains.
Larynx Model and Measuring Setup
The model used for the synthetic larynx and the subglottal system is shown in Figure 3 . It is composed of a mass-flow generator [28] , which provides the air flow, an acoustic silencer, a subglottal channel, and the mounting device for the synthetic vocal folds. The subglottal channel provides a rectangular flow cross-section, whose dimensions are 1.8 cm by 1.5 cm. The length of the subglottal channel is 19 cm. Thus, the frequency required for it to serve as an acoustic λ/4 resonator is 451 Hz, which is at least three times larger than any of the oscillation frequencies for the vocal folds reported below. Two measures were employed to minimize the effects of acoustic perturbations on the entering airflow. Most of the silencer is covered with Sonatech PUR SKIN 30 sound-absorbing foam (SONATECH GmbH + Co. KG, Ungerhausen, Germany) matting, which is very effective at damping acoustic fluctuations. These regions are colored in orange in the silencer depicted in Figure 3 . In order When the vocal tract is added, a numerical solution is required, since the time derivative in Equation (2) prevents obtaining an analytic connection between the glottal flow rate and the subglottal pressure. The numerical solution involves the simultaneous solution of Equations (2)-(5). The inertance term of Equation (2) does not introduce additional free parameters, since the vocal tract length and its area are determined from the experiment. For Chan and Titze's experiment, L VT = 16.51 cm and A VT = 2.82 cm 2 . The results of the numerical solution are shown in Figure 2 , where they are compared with Chan and Titze's vocal tract measurements. The fits to the data collected with the vocal tract as well as those collected without the vocal tract are very good. The largest differences (about 13%) occur at a glottal width of 0.10 cm, and most of the differences are substantially smaller.
The numerical solution of Equations (2), (3), (5), and (6) requires values for the mass and stiffness parameters. Following the lead of Ishizaka and Flanagan [1, [25] [26] [27] , these were chosen to be k = 88,000 g/s 2 and m = 0.15 g. In order to make the calculation as simple as possible, the nonlinearity parameter was set equal to zero. It is worth noting that the use of Equations (2) and (4) for the vocal tract calculation eliminates the necessity for the inverse ξ 0 expansion, and thus removes the small amplitude requirement. However, the requirement of a reasonably small phase difference between the inferior and the superior edges of the medial surface remains.
The model used for the synthetic larynx and the subglottal system is shown in Figure 3 . It is composed of a mass-flow generator [28] , which provides the air flow, an acoustic silencer, a subglottal channel, and the mounting device for the synthetic vocal folds. The subglottal channel provides a rectangular flow cross-section, whose dimensions are 1.8 cm by 1.5 cm. The length of the subglottal channel is 19 cm. Thus, the frequency required for it to serve as an acoustic λ/4 resonator is 451 Hz, which is at least three times larger than any of the oscillation frequencies for the vocal folds reported below. Two measures were employed to minimize the effects of acoustic perturbations on the entering airflow. Most of the silencer is covered with Sonatech PUR SKIN 30 sound-absorbing foam (SONATECH GmbH + Co. KG, Ungerhausen, Germany) matting, which is very effective at damping acoustic fluctuations. These regions are colored in orange in the silencer depicted in Figure 3 . In order to interrupt acoustic standing waves in the axial direction, a core body in the center of the silencer is also covered with PUR SKIN.
Appl. Sci. 2019, 9, x 6 of 15 to interrupt acoustic standing waves in the axial direction, a core body in the center of the silencer is also covered with PUR SKIN. The silicone-based vocal fold model is shown in Figure 4 , and its dimensions are those appropriate for the human scale. The glottal thickness of the human larynx is about 0.35 cm, and its glottal length is near 1.5 cm. Data will be reported below with two single-layer vocal fold models fabricated from mixtures of two-component Smooth-On EcoFlex 30 (Smooth-On, Inc., Macungie, PA, USA) and Smooth-On Silicone Thinner flexibilizer [17] . The first of these, Model 113, contains a smaller amount of silicone thinner than the second, Model 114. Accordingly, the Young's modulus for Model 113 is 4.4 kPa, and that for Model 114 is 2.5 kPa. These values are in the range of those for which Zhang, Neubauer, and Berry [15] observed oscillations driven by aerodynamic forces. These Young's moduli were determined with a hybrid experimental-numerical technique described in the papers of Rupitsch et al. [29] and Ilg et al. [30] . The geometry of the vocal folds shown in Figure 4 was chosen to closely approximate the model developed by Thomson The supraglottal channel with a variable lateral displacement D is shown [17] in Figure 5 . It is bounded by two large glass plates that define the extent of one of the directions perpendicular to the direction of airflow and by two smaller aluminum plates that define the extent of the other direction perpendicular to the direction of airflow. The displacement D varied from 1.8 to 7.8 cm in the course of the experiments. Since the other perpendicular direction remains constant at 1.5 cm, the area of the vocal tract varies from 2.7 cm 2 to 11.7 cm 2 in the course of the experiments. The length of the vocal tract is 19.0 cm. The silicone-based vocal fold model is shown in Figure 4 , and its dimensions are those appropriate for the human scale. The glottal thickness of the human larynx is about 0.35 cm, and its glottal length is near 1.5 cm. Data will be reported below with two single-layer vocal fold models fabricated from mixtures of two-component Smooth-On EcoFlex 30 (Smooth-On, Inc., Macungie, PA, USA) and Smooth-On Silicone Thinner flexibilizer [17] . The first of these, Model 113, contains a smaller amount of silicone thinner than the second, Model 114. Accordingly, the Young's modulus for Model 113 is 4.4 kPa, and that for Model 114 is 2.5 kPa. These values are in the range of those for which Zhang, Neubauer, and Berry [15] observed oscillations driven by aerodynamic forces. These Young's moduli were determined with a hybrid experimental-numerical technique described in the papers of Rupitsch et al. [29] and Ilg et al. [30] . The geometry of the vocal folds shown in Figure 4 was chosen to closely approximate the model developed by Thomson to interrupt acoustic standing waves in the axial direction, a core body in the center of the silencer is also covered with PUR SKIN. The silicone-based vocal fold model is shown in Figure 4 , and its dimensions are those appropriate for the human scale. The glottal thickness of the human larynx is about 0.35 cm, and its glottal length is near 1.5 cm. Data will be reported below with two single-layer vocal fold models fabricated from mixtures of two-component Smooth-On EcoFlex 30 (Smooth-On, Inc., Macungie, PA, USA) and Smooth-On Silicone Thinner flexibilizer [17] . The first of these, Model 113, contains a smaller amount of silicone thinner than the second, Model 114. Accordingly, the Young's modulus for Model 113 is 4.4 kPa, and that for Model 114 is 2.5 kPa. These values are in the range of those for which Zhang, Neubauer, and Berry [15] observed oscillations driven by aerodynamic forces. These Young's moduli were determined with a hybrid experimental-numerical technique described in the papers of Rupitsch et al. [29] and Ilg et al. [30] . The geometry of the vocal folds shown in Figure 4 was chosen to closely approximate the model developed by Thomson, Mongeau, and Frankel [31, 32] . Thomson The supraglottal channel with a variable lateral displacement D is shown [17] in Figure 5 . It is bounded by two large glass plates that define the extent of one of the directions perpendicular to the direction of airflow and by two smaller aluminum plates that define the extent of the other direction perpendicular to the direction of airflow. The displacement D varied from 1.8 to 7.8 cm in the course of the experiments. Since the other perpendicular direction remains constant at 1.5 cm, the area of the vocal tract varies from 2.7 cm 2 to 11.7 cm 2 in the course of the experiments. The length of the vocal tract is 19.0 cm. The supraglottal channel with a variable lateral displacement D is shown [17] in Figure 5 . It is bounded by two large glass plates that define the extent of one of the directions perpendicular to the direction of airflow and by two smaller aluminum plates that define the extent of the other direction perpendicular to the direction of airflow. The displacement D varied from 1.8 to 7.8 cm in the course of the experiments. Since the other perpendicular direction remains constant at 1.5 cm, the area of the vocal tract varies from 2.7 cm 2 to 11.7 cm 2 in the course of the experiments. The length of the vocal tract is 19.0 cm. The supraglottal channel used for the variable length measurements [18] is shown in Figure 6 . The vocal tract is now composed of sections. The first of these is 4.0 cm long, and each of the other sections is 5.0 cm long. Up to 11 of these 5.0 cm sections may be employed; thus, the vocal tract length varies from 4.0 cm to 59.0 cm. The cross-sectional area of each part of the vocal tract is 1.8 cm by 1.5 cm, or 2.7 cm 2 , which is the same as the smallest area used in the experiments with the variable crosssectional dimensions. Each of the channel segments was fabricated by an Additive Manufacturing process controlled by an in-house, self-designed 3D printer . Due to its reliability and availability, fused layer modeling, which was invented by Scott Crump [34] , was chosen to implement the additive manufacturing technology. The subglottal pressure was measured by a Kulite XCQ-093-SG pressure transducer (Kulite Semiconductor Products Inc., Leonia, NJ, USA). It was mounted flush with the wall in the subglottal channel, as shown in Figure 5 , and located 5.0 cm upstream from the exit plane for the flow from the vocal folds. The signal of the transducer was amplified by a custom designed amplifier and sampled by an NI PXIe 6356 multi-functional acquisition board using a sampling rate of fs = 44.1 kHz.
Onset Detection: Methodology
The subglottal onset pressure (threshold pressure) was determined with the following systematic procedure similarly used [35] : pressure recordings began as the mass flow generator reached a flow rate near 65 L/min. Then, the flow rate was increased uniformly to about 120 L/min in 11.9 s. Subsequently, the flow rate was decreased uniformly to less than 65 L/min in the same time interval. The subglottal pressure readings are shown by the rapidly oscillating black curve of Figure  7 . The supraglottal channel used for the variable length measurements [18] is shown in Figure 6 . The vocal tract is now composed of sections. The first of these is 4.0 cm long, and each of the other sections is 5.0 cm long. Up to 11 of these 5.0 cm sections may be employed; thus, the vocal tract length varies from 4.0 cm to 59.0 cm. The cross-sectional area of each part of the vocal tract is 1.8 cm by 1.5 cm, or 2.7 cm 2 , which is the same as the smallest area used in the experiments with the variable cross-sectional dimensions. Each of the channel segments was fabricated by an Additive Manufacturing process controlled by an in-house, self-designed 3D printer. Due to its reliability and availability, fused layer modeling, which was invented by Scott Crump [34] , was chosen to implement the additive manufacturing technology. The supraglottal channel used for the variable length measurements [18] is shown in Figure 6 . The vocal tract is now composed of sections. The first of these is 4.0 cm long, and each of the other sections is 5.0 cm long. Up to 11 of these 5.0 cm sections may be employed; thus, the vocal tract length varies from 4.0 cm to 59.0 cm. The cross-sectional area of each part of the vocal tract is 1.8 cm by 1.5 cm, or 2.7 cm 2 , which is the same as the smallest area used in the experiments with the variable crosssectional dimensions. Each of the channel segments was fabricated by an Additive Manufacturing process controlled by an in-house, self-designed 3D printer . Due to its reliability and availability, fused layer modeling, which was invented by Scott Crump [34] , was chosen to implement the additive manufacturing technology. The subglottal pressure was measured by a Kulite XCQ-093-SG pressure transducer (Kulite Semiconductor Products Inc., Leonia, NJ, USA). It was mounted flush with the wall in the subglottal channel, as shown in Figure 5 , and located 5.0 cm upstream from the exit plane for the flow from the vocal folds. The signal of the transducer was amplified by a custom designed amplifier and sampled by an NI PXIe 6356 multi-functional acquisition board using a sampling rate of fs = 44.1 kHz.
The subglottal onset pressure (threshold pressure) was determined with the following systematic procedure similarly used [35] : pressure recordings began as the mass flow generator reached a flow rate near 65 L/min. Then, the flow rate was increased uniformly to about 120 L/min in 11.9 s. Subsequently, the flow rate was decreased uniformly to less than 65 L/min in the same time interval. The subglottal pressure readings are shown by the rapidly oscillating black curve of Figure  7 . The subglottal pressure was measured by a Kulite XCQ-093-SG pressure transducer (Kulite Semiconductor Products Inc., Leonia, NJ, USA). It was mounted flush with the wall in the subglottal channel, as shown in Figure 5 , and located 5.0 cm upstream from the exit plane for the flow from the vocal folds. The signal of the transducer was amplified by a custom designed amplifier and sampled by an NI PXIe 6356 multi-functional acquisition board using a sampling rate of f s = 44.1 kHz.
The subglottal onset pressure (threshold pressure) was determined with the following systematic procedure similarly used [35] : pressure recordings began as the mass flow generator reached a flow rate The key to interpreting these data is the moving average subglottal pressure P Δt sub(tm) (equivalent to introducing a low-pass filter) defined in a time interval about tm as follows [17, 36] :
where q = Δt fs = 10,000 counts the number of points in the sample. The time interval Δt is set to 0.23 s, so that the sum of Equation (10) Figure 7 . When the pressure is near 3.5 kPa, the character of the pressure oscillations changes because of a noticeable change of amplitude. This qualitative difference may be used to define the onset pressure. The change in the amplitude of the oscillations near the threshold is apparent, although the size of this amplitude is less than 100 Pa, which is about 3% of the size of the total pressure signal near the threshold. Pressure oscillations of this size are consistent with one's expectation for small amplitude oscillations near the threshold. At the onset, the corresponding oscillation amplitude of the vocal folds is much smaller-less than 1 mm, as indicated in Lodermeyer et al. [36] . Furthermore, the typical convergent-to-divergent glottal duct shape evolution during an oscillation cycle is visible but less pronounced at the onset pressure.
A second qualitative change in the oscillation amplitude is observable between 10-11 s. This change defines the transition to a second type of oscillation, where the amplitude has become large enough so that the vocal folds close during the cycle. However, it is the pressure of the first type of oscillation at onset conditions that is the focus of this work [37, 38] . Past 11 s, the amplitude of the pressure oscillation decreases at a more or less uniform rate, until it drops abruptly to a much smaller amplitude between 20-21 s, which is a signal that the vocal fold oscillations have ceased. This point of change is used to define a pressure offset, and one can see that it is lower than the onset threshold. The offset pressure values observed by Titze et al. were always smaller than the corresponding onset pressure [3, 5] . The difference in oscillation onset and offset pressure is often described as a hysteresis phenomenon [39] .
In order to define the pressure onset, it is convenient to introduce the moving standard deviation as a measure of the size of the oscillations about the moving average, whose square is given by:
This quantity is represented by the red curve in Figure 7 , where its magnitude is given by the scale on the right side of the figure. For the smaller oscillations that occur when t < 5.0 s, σ Δt sub is The key to interpreting these data is the moving average subglottal pressure P ∆t sub (t m ) (equivalent to introducing a low-pass filter) defined in a time interval about t m as follows [17, 36] :
where q = ∆t f s = 10,000 counts the number of points in the sample. The time interval ∆t is set to 0.23 s, so that the sum of Equation (10) includes pressure values from 32 oscillations for Model 113 and 25 oscillations for Model 114. The pressure P ∆t sub (t m ) is represented by the thick yellow curve of Figure 7 . When the pressure is near 3.5 kPa, the character of the pressure oscillations changes because of a noticeable change of amplitude. This qualitative difference may be used to define the onset pressure. The change in the amplitude of the oscillations near the threshold is apparent, although the size of this amplitude is less than 100 Pa, which is about 3% of the size of the total pressure signal near the threshold. Pressure oscillations of this size are consistent with one's expectation for small amplitude oscillations near the threshold. At the onset, the corresponding oscillation amplitude of the vocal folds is much smaller-less than 1 mm, as indicated in Lodermeyer et al. [36] . Furthermore, the typical convergent-to-divergent glottal duct shape evolution during an oscillation cycle is visible but less pronounced at the onset pressure.
This quantity is represented by the red curve in Figure 7 , where its magnitude is given by the scale on the right side of the figure. For the smaller oscillations that occur when t < 5.0 s, σ ∆t sub is between 10-15 Pa. Thus, the criterion used to define onset pressure is that σ ∆t sub > 50 Pa. This criterion gives P sub near 3.5 kPa for the measurements of Figure 7 . Each flow rate increase and decrease cycle was repeated five times, so that the procedure used to determine the subglottal pressure lasted about 120 s. The values for P sub required to initiate each of the five oscillations were averaged. Thus, the measured value of the P sub was recorded as 3.52 kPa for Model 113 when the lateral channel wall displacement was D = 1.8 cm. Five more measurements of P sub were made with D = 2.8 cm, 3.8 cm, 4.8 cm, 5.8 cm, and 7.8 cm, respectively.
Results and Discussion
Measurements of the threshold pressure for six vocal tract areas ranging from 2.70 cm 2 to 11.70 cm 2 are shown in Figure 8a . The value 1.0 is chosen for the entrance loss coefficient k ent , since the measurements of k ent for larger pressures [23] tend to approach 1.0. The geometrical parameters are determined from the dimensions of the experiments; that is, L VT = 19.0 cm, L g = 1.5 cm, and T = 0.35 cm. The parameters B and c are chosen so that the calculated result is the same at the measured pressure (3520 Pa) at A VT = 2.70 cm 2 , and the parameters k and m are chosen so that the calculated frequency fits the measured frequency (139 Hz) at A VT = 2.70 cm 2 . The prephonatory half-width is ξ 0 = 0.20 cm for each of the calculations shown in Figure 8 . This value was not measured during the experiments, but it was considered to be reasonable from observations of the separation of the vocal folds at the pressure when sustained oscillations become possible [37] . The fit to the first four pressure measurements is very reasonable, but the measured pressures are substantially smaller than the calculations for the two larger areas. gives Psub near 3.5 kPa for the measurements of Figure 7 . Each flow rate increase and decrease cycle was repeated five times, so that the procedure used to determine the subglottal pressure lasted about 120 s. The values for Psub required to initiate each of the five oscillations were averaged. Thus, the measured value of the Psub was recorded as 3.52 kPa for Model 113 when the lateral channel wall displacement was D = 1.8 cm. Five more measurements of Psub were made with D = 2.8 cm, 3.8 cm, 4.8 cm, 5.8 cm, and 7.8 cm, respectively.
Measurements of the threshold pressure for six vocal tract areas ranging from 2.70 cm 2 to 11.70 cm 2 are shown in Figure 8a . The value 1.0 is chosen for the entrance loss coefficient kent, since the measurements of kent for larger pressures [23] Figure 8 . This value was not measured during the experiments, but it was considered to be reasonable from observations of the separation of the vocal folds at the pressure when sustained oscillations become possible [37] . The fit to the first four pressure measurements is very reasonable, but the measured pressures are substantially smaller than the calculations for the two larger areas. One explanation is to add a small exit coefficient for the two larger areas. We have found that adding an exit coefficient of 0.05 at AVT = 8.7 cm 2 is adequate to reduce the calculated pressure from 4460 Pa to 4040 Pa, which is enough to remove the discrepancy in Figure 8a . This value for the exit coefficient is similar to that calculated from the measurements at larger glottal widths in [23] (Figure  3) . A similar reduction occurs at AVT = 11.7 cm 2 . Another possible source of the discrepancy is the nature of the supraglottal flow pattern, as shown in Figure 9 . It was observed to change its character when the cross-section of the vocal tract was large in comparison with the smaller cross-sections [40] . The jet was found to be deflected to either lateral side for AVT = 2.7 cm 2 , due to the appearance of a large vortex that inhibited the jet from proceeding straight ahead. This large vortex increases the flow resistance in the vocal tract channel. As a consequence, the pressure increases in the supraglottal One explanation is to add a small exit coefficient for the two larger areas. We have found that adding an exit coefficient of 0.05 at A VT = 8.7 cm 2 is adequate to reduce the calculated pressure from 4460 Pa to 4040 Pa, which is enough to remove the discrepancy in Figure 8a . This value for the exit coefficient is similar to that calculated from the measurements at larger glottal widths in [23] (Figure 3) . A similar reduction occurs at A VT = 11.7 cm 2 . Another possible source of the discrepancy is the nature of the supraglottal flow pattern, as shown in Figure 9 . It was observed to change its character when the cross-section of the vocal tract was large in comparison with the smaller cross-sections [40] . The jet was found to be deflected to either lateral side for A VT = 2.7 cm 2 , due to the appearance of a large vortex that inhibited the jet from proceeding straight ahead. This large vortex increases the flow resistance in the vocal tract channel. As a consequence, the pressure increases in the supraglottal region immediately downstream of the vocal folds. Upon enlarging the vocal tract, the volume of the large vortex and thus its inertia rise, resulting in a further increase of the supraglottal pressure downstream to the vocal folds, and with it an increase of the subglottal threshold pressure.
Appl. Sci. 2019, 9, x 10 of 15 owing to the vanishing of the inhibiting large vortex, the supraglottal pressure and the concomitant threshold pressure decrease for the larger areas in Figure 8a .
(a) (b) (c) Figure 9 . Flow structures in the supraglottal channel for vocal tract areas (a) 2.7 cm 2 , (b) 11.7 cm 2 , and for (c) no vocal tract. Additional information about the flow structures can be found in [40] .
The calculated threshold pressure values in Figure 8a seem to be leveling off as the area of the vocal tract increases. One would expect this, since for larger areas, the vocal tract inertance becomes small (discussion following Equation (1)) and exerts less influence on the pressure required to produce sustained oscillations. Thus, it should be possible to make contact between the large area limit of Figure 8a and the result for no vocal tract. Further calculations confirm this. For example, at AVT = 60.0 cm 2 , Pth = 4960 Pa, and at AVT = 80.0 cm 2 , Pth = 4980 Pa. The formula listed in Equation (8) yields Pth = 4963 Pa for this limit, and thus, the calculations for these two larger areas are within 0.4% of the expected value.
Calculations for the frequency of the oscillation at threshold pressure for the six areas of Figure  8a are shown in Figure 8b , where they are compared with the measured frequencies. The fit to the data is very good. This fit requires a nonlinearity parameter (Equation (3)) η = 250 cm -2 , which is also present in the calculation of Figure 8a . Adding a nonlinearity parameter is necessary because of the behavior of the amplitude of oscillation as the areas of Figure 8 increase. For example, at AVT = 2.70 cm 2 , the displacement of the vocal fold from equilibrium varies between −0.051 cm to 0.043 cm and at AVT = 11.70 cm 2 , the displacement varies from −0.0143 cm to 0.0135 cm. The amplitude decreases monotonically as the vocal tract area increases, and the effective stiffness of the vocal fold decreases, explaining the frequency decrease of Figure 8b . If the nonlinearity parameter is set to equal to zero, then the trend of the calculations does not match the trend of the data.
Given that the spring constant k and Young's modulus E both measure the force required to produce a deformation ΔL in an object of length L, one would expect there to be a relationship between these two physical quantities. Giambatista et al. [41] show that this relationship may be expressed:
where A is the area of the cross-section of the solid object (perpendicular to L). The geometry of Model 113 and Model 114 was the same, and thus, the effective stiffness of these models should be proportional to the ratio of their Young's moduli, (E113 = 4.4 kPa and E114 = 2.5 kPa). On the basis of these considerations, one would expect k = 65900 g/s 2 for Model 114.
In analyzing the damping of an oscillator, a dimensionless parameter is sometimes introduced. This parameter measures how close the damping [42, 43] is to critical damping ( = 1). It also connects the damping constant B to the oscillator stiffness k and the mass m by the Equation [1] :
Using the parameters listed in Figure 8 , the value of is 0.541. With the goal of minimizing the number of free parameters, the same value of is chosen for Model 114. Lowering the value of the mass by about 10% from that used in Figure 8 gives a damping constant B = 109 g/s for Model 114. The change of mass is necessary to fit the measured value of the frequency (110 Hz) for Model 114 at AVT = 2.70 cm 2 . The results based on Equations (12) and (13) are shown in Figure 10a , where they are compared with measurements. The fit of Figure 10a is of a similar quality to that of Figure 8a ; that is, Figure 9 . Flow structures in the supraglottal channel for vocal tract areas (a) 2.7 cm 2 , (b) 11.7 cm 2 , and for (c) no vocal tract. Additional information about the flow structures can be found in [40] .
For A VT ≥ 8.7 cm 2 , this large vortex disappears, and two vortices located symmetrically on each side of the flow jet allowed the jet to proceed without deflection. As the flow resistance decreases owing to the vanishing of the inhibiting large vortex, the supraglottal pressure and the concomitant threshold pressure decrease for the larger areas in Figure 8a .
The calculated threshold pressure values in Figure 8a seem to be leveling off as the area of the vocal tract increases. One would expect this, since for larger areas, the vocal tract inertance becomes small (discussion following Equation (1)) and exerts less influence on the pressure required to produce sustained oscillations. Thus, it should be possible to make contact between the large area limit of Figure 8a and the result for no vocal tract. Further calculations confirm this. For example, at A VT = 60.0 cm 2 , P th = 4960 Pa, and at A VT = 80.0 cm 2 , P th = 4980 Pa. The formula listed in Equation (8) yields P th = 4963 Pa for this limit, and thus, the calculations for these two larger areas are within 0.4% of the expected value.
Calculations for the frequency of the oscillation at threshold pressure for the six areas of Figure 8a are shown in Figure 8b , where they are compared with the measured frequencies. The fit to the data is very good. This fit requires a nonlinearity parameter (Equation (3)) η = 250 cm −2 , which is also present in the calculation of Figure 8a . Adding a nonlinearity parameter is necessary because of the behavior of the amplitude of oscillation as the areas of Figure 8 increase. For example, at A VT = 2.70 cm 2 , the displacement of the vocal fold from equilibrium varies between −0.051 cm to 0.043 cm and at A VT = 11.70 cm 2 , the displacement varies from −0.0143 cm to 0.0135 cm. The amplitude decreases monotonically as the vocal tract area increases, and the effective stiffness of the vocal fold decreases, explaining the frequency decrease of Figure 8b . If the nonlinearity parameter is set to equal to zero, then the trend of the calculations does not match the trend of the data.
Given that the spring constant k and Young's modulus E both measure the force required to produce a deformation ∆L in an object of length L, one would expect there to be a relationship between these two physical quantities. Giambatista et al. [41] show that this relationship may be expressed:
where A is the area of the cross-section of the solid object (perpendicular to L). The geometry of Model 113 and Model 114 was the same, and thus, the effective stiffness of these models should be proportional to the ratio of their Young's moduli, (E 113 = 4.4 kPa and E 114 = 2.5 kPa). On the basis of these considerations, one would expect k = 65,900 g/s 2 for Model 114.
In analyzing the damping of an oscillator, a dimensionless parameter ζ is sometimes introduced. This parameter measures how close the damping [42, 43] is to critical damping (ζ = 1). It also connects the damping constant B to the oscillator stiffness k and the mass m by the Equation [1] :
Using the parameters listed in Figure 8 , the value of ζ is 0.541. With the goal of minimizing the number of free parameters, the same value of ζ is chosen for Model 114. Lowering the value of the mass by about 10% from that used in Figure 8 gives a damping constant B = 109 g/s for Model 114. The change of mass is necessary to fit the measured value of the frequency (110 Hz) for Model 114 at A VT = 2.70 cm 2 . The results based on Equations (12) and (13) are shown in Figure 10a , where they are compared with measurements. The fit of Figure 10a is of a similar quality to that of Figure 8a ; that is, the calculated values for threshold pressure are in reasonable agreement with the measurements for the four smaller areas of Figure 10a . However, the same discrepancy appears at the two larger areas, and the cause of this discrepancy is likely to be the same as that for Figure 8a . Choosing the nonlinear parameter η = 190 cm −2 gives a good fit to the frequency data presented in Figure 10b . the calculated values for threshold pressure are in reasonable agreement with the measurements for the four smaller areas of Figure 10a . However, the same discrepancy appears at the two larger areas, and the cause of this discrepancy is likely to be the same as that for Figure 8a . Choosing the nonlinear parameter η = 190 cm −2 gives a good fit to the frequency data presented in Figure 10b . The mixture of Ecoflex and Silicone Thinner used to make the vocal fold model for the length experiments is the same as that used for the 113 experiments, as described in Section 2.2. Thus, its Young's modulus is expected to be 4.4 kPa, and all of the elastic and damping parameters are expected to be the same as those listed in Figure 8 . The mass flow generator, the silencer, and the subglottal channel are the same as those used for the experiments of Figure 8 , and the pressure sensor is located 5.0 cm upstream from the vocal tract, as before. The pressures and frequencies are determined in the same way as described in Section 2.3.
Twelve measurements [18] of the threshold pressure taken for vocal tracts of different lengths ( Figure 6 ) are shown in Figure 11a . Since the elastic and damping parameters are the same as in the experiments shown in Figure 9a , one might expect the threshold pressure for LVT = 19.0 cm and AVT = 2.7 cm 2 to be the same as that for the smallest area of Figure 8a . However, this is not the case. In order to account for the difference, the prephonatory half-width for Figure 11a is adjusted to 0.172 cm to fit the pressure (3061 Pa) at LVT = 19.0 cm. This difference in prephonatory half-width threshold pressure may have several causes, including slight differences in how the synthetic vocal folds were manually glued in the mounting device. The SWM calculations presented in Figure 11a produce a very reasonable fit to the trend of the threshold pressure data, but they are not especially accurate for either large or small values of LVT. Frequency measurements with the vocal tract of Figure 6 are shown in Figure 11b . Again, a small adjustment from the parameters of Figure 8 was required. In this case, the mass of the vocal folds was increased from 0.170 g to 0.184 g in order to decrease the frequency to 129 Hz at LVT = 19.0 cm and AVT = 2.70 cm. The calculations in Figure 11b reproduce the trends in the data at intermediate and large glottal lengths to a reasonable degree, but do not have the right trend at smaller lengths, where the difference becomes as large as 4% at the smallest length. The mixture of Ecoflex and Silicone Thinner used to make the vocal fold model for the length experiments is the same as that used for the 113 experiments, as described in Section 2.2. Thus, its Young's modulus is expected to be 4.4 kPa, and all of the elastic and damping parameters are expected to be the same as those listed in Figure 8 . The mass flow generator, the silencer, and the subglottal channel are the same as those used for the experiments of Figure 8 , and the pressure sensor is located 5.0 cm upstream from the vocal tract, as before. The pressures and frequencies are determined in the same way as described in Section 2.3.
Twelve measurements [18] of the threshold pressure taken for vocal tracts of different lengths ( Figure 6 ) are shown in Figure 11a . Since the elastic and damping parameters are the same as in the experiments shown in Figure 9a , one might expect the threshold pressure for L VT = 19.0 cm and A VT = 2.7 cm 2 to be the same as that for the smallest area of Figure 8a . However, this is not the case. In order to account for the difference, the prephonatory half-width for Figure 11a is adjusted to 0.172 cm to fit the pressure (3061 Pa) at L VT = 19.0 cm. This difference in prephonatory half-width threshold pressure may have several causes, including slight differences in how the synthetic vocal folds were manually glued in the mounting device. The SWM calculations presented in Figure 11a 
Limitations
In addition to an extensive examination of the validity of Equation (1), another important goal of this study is to evaluate the performance of the SWM. The experiments described in Section 2.2 may also be viewed in the context of validation experiments, although they are restricted to a onelayer silicone model. The effects of different vocal fold shapes and dynamics as well as prephonatory settings of the laryngeal cartilages cannot be analyzed with this experimental model. Furthermore, the model also includes a straight rectangular flow channel as a simplified vocal tract. The effects of supraglottal structures as ventricular folds or characteristic geometrical conditions associated with specific vowels (pharyngeal constrictions and partially obstructed channel exits) were neglected. Previous studies have shown that the presence of the ventricular folds significantly reduces the phonation threshold pressure as long as their positions and the gap in between is optimally selected [35, 44, 45] . Furthermore, the acoustical driving effect of vocal tract resonances was minimized. By considering the subglottal and supraglottal channel as quarter-wave resonators, the first resonance occurs at 451 Hz, which is significantly higher than the fundamental frequency of the vocal fold oscillation [40] .
Beside these limitations and restrictions, the experimental model provides periodic vocal fold motion with corresponding sound production that shows characteristic features of human phonation process. Therefore, it is well applicable for the validation of the SVM model owing to its simplicity, and the ease with which the independent variables are controlled.
Conclusions
A number of calculations with lumped element models have used the inertance of the air in the vocal tract [1, 2, [6] [7] [8] [9] [10] [11] [12] to describe the effects of the airflow in the vocal tract (Equation (1)). In most cases, these calculations focused on a number of properties of phonation with little emphasis on the questions of the validity of using Equation (1) to describe the inertance. Thus, it is important to know under what circumstances the inertance of the air within the vocal tract is adequate to describe these effects. This study was undertaken in order to examine this question.
The inertance of the vocal tract depends directly on the vocal tract length LVT and inversely on the vocal tract area AVT. Thus, Equation (1) predicts how the vocal tract area and the vocal tract length should affect phonation properties near the threshold, such as the onset pressure and frequency near onset. In this work, Equation (1) is used in conjunction with the SWM developed by Titze [2] , since the SWM introduces a smaller number of parameters than the two-mass model [1] or the three-mass model [46] . Qualitative arguments are presented in the Introduction chapter to show that increasing the vocal tract area should raise the onset pressure. These qualitative arguments are examined by the SWM calculations presented in Figures 8a and 10a . Reasonable agreement between the calculations 
Limitations
In addition to an extensive examination of the validity of Equation (1), another important goal of this study is to evaluate the performance of the SWM. The experiments described in Section 2.2 may also be viewed in the context of validation experiments, although they are restricted to a one-layer silicone model. The effects of different vocal fold shapes and dynamics as well as prephonatory settings of the laryngeal cartilages cannot be analyzed with this experimental model. Furthermore, the model also includes a straight rectangular flow channel as a simplified vocal tract. The effects of supraglottal structures as ventricular folds or characteristic geometrical conditions associated with specific vowels (pharyngeal constrictions and partially obstructed channel exits) were neglected. Previous studies have shown that the presence of the ventricular folds significantly reduces the phonation threshold pressure as long as their positions and the gap in between is optimally selected [35, 44, 45] . Furthermore, the acoustical driving effect of vocal tract resonances was minimized. By considering the subglottal and supraglottal channel as quarter-wave resonators, the first resonance occurs at 451 Hz, which is significantly higher than the fundamental frequency of the vocal fold oscillation [40] .
Conclusions
The inertance of the vocal tract depends directly on the vocal tract length L VT and inversely on the vocal tract area A VT . Thus, Equation (1) predicts how the vocal tract area and the vocal tract length should affect phonation properties near the threshold, such as the onset pressure and frequency near onset. In this work, Equation (1) is used in conjunction with the SWM developed by Titze [2] , since the SWM introduces a smaller number of parameters than the two-mass model [1] or the three-mass model [46] . Qualitative arguments are presented in the Introduction chapter to show that increasing the vocal tract area should raise the onset pressure. These qualitative arguments are examined by the SWM calculations presented in Figures 8a and 10a . Reasonable agreement between the calculations and measurements is presented in Figures 8a and 10a for the four smaller areas, but the discrepancy is considerable for the two largest areas. An examination of the supraglottal flow reveals changes in the locations of the vortical structures downstream of the vocal folds, which may be the reason. However, a better understanding of the fluid dynamics would require a more fundamental calculation based on the Navier-Stokes equation to allow a more thorough examination of the discrepancy and further clarify the role that the inertial properties of the air in the vocal tract play in determining the phonation onset. The agreement between the SWM calculations and the measurements for the frequencies at threshold is much better, as shown in Figures 8b and 10b , provided that the nonlinear stiffness effects are included.
The qualitative arguments discussed in the Introduction also predict that increasing the length of the vocal tract should lower the onset pressure. These arguments are supported by the SWM calculations. The results presented in Figure 11a show reasonable agreement between the SWM calculations and the measurements. The frequency calculations presented in Figure 11b show good agreement between the calculations and the measurements for most of the larger lengths, but the wrong trend at the two smallest lengths. Again, the nonlinearity in the stiffness is essential, since otherwise, the variation of the calculated frequencies with length would be much larger than that obtained in the measurements.
The experimental models and the SWM reproduce the same behavior: the phonation threshold pressure is reduced by increasing the vocal fold length and decreasing the vocal tract area.
Due to their inherent simplicity and the versatility of the models, they should have a potential role in optimization or deep learning algorithms. On the basis of endoscopic high-speed video footage from patients, the model can be applied to estimate the subglottal oscillation threshold pressure similar to the methodology reported by Gomez et al. [47, 48] . Assuming a high accuracy of the estimation, the methods make an important parameter available for evaluating the effort that a patient has to make to phonate. 
